Introduction
Systematic studies of biological effects of nanoparticles of varying compositions, morphologies and dimensions have been performed by many authors [1] [2] [3] [4] . This is due to both their potential medical application of nanoparticles [5] [6] [7] [8] [9] [10] [11] and danger for humans [12] [13] [14] [15] . The promising future of biomedical application and the potential danger of nanoparticles are to a considerable extent predicated by their ability to penetrate through cell and intercellular membranes and, therefore, spread throughout the organism.
Previous research [16] [17] [18] [19] [20] [21] [22] has demonstrated the promising results for the application of nanoparticles of some metal dioxides and of solid solutions, which are composed so that they will have utility in biomedical applications. The additives, which provide certain functional properties to nanostructured materials, in particular, luminescent properties, are often used in the aforementioned nanoparticles as an admixture component. The luminescent properties of those nanoparticles that are intended for biomedical application can be useful when analysing the distribution of nanoparticles within living organisms.
One promising method for obtaining oxide nanoparticles is hydrothermal processing of the respective hydroxides. A significant advantage of hydrothermal synthesis, as compared to other methods, is that it makes it possible to obtain in some cases, as was shown in [23] [24] [25] [26] [27] , almost completely non-agglomerated nanoparticles, which have a narrow size distribution range. Such properties of the nanopowders, which are formed under hydrothermal conditions, are the result of a fast nucleation process, as was shown in [28, 29] .
It is worth noting that though there are several studies [16] [17] [18] [19] [20] [21] [22] dedicated to the biological effects of the nanoparticles, which are based on metal dioxides such as TiO 2 , HfO 2 , CeO 2 , and solid solutions containing them, there is considerably less information about the biological effect of zirconium dioxide-based nanoparticles [30] [31] [32] . However, since zirconium dioxide based nanopowders, solid solutions, nanocomposites and other ZrO 2 -containing nanomaterials, have become widely spread in scientific research and technological applications [33] [34] [35] [36] [37] , studying their biological effect is important.
The reasons listed above provide the motivation for us to study the impact that ZrO 2 -based nanoparticles and solid solutions such as the luminescent ZrO 2 (Eu 2 O 3 ) have on biological objects.
Experimental methods

Synthesis of nanoparticles
Zirconium dioxide-based nanoparticles were obtained through hydrothermal processing of preliminarily coprecipitated zirconium and europium hydroxides at 225
• C and under a pressure of 10 MPa during 2 h in accordance with the methods described in the work [23] .
The structural state and the size of the crystallites of the nanoparticles obtained were determined on the basis of X-ray diffractometry of the samples (diffractometer DRON-3, CuKα-radiation). The calculation of the ratio of monoclinic and cubic ZrO 2 modifications was performed using the formula given in [23] . The size of crystallites was calculated based on the data, which refers to the broadening of X-ray diffraction lines, using Scherrer's formula.
The size of particles was analyzed on the basis of transmission electron microscopy (microscope EM-125 with U acc = 75 kV).
Biological effect of nanoparticles (materials and methods)
The study of biological characteristics of ZrO 2 and ZrO 2 (Eu 2 O 3 1 mol.%) nanoparticles was performed using preparations in the form of suspensions of nanoparticles of the said composition. The preparations under study were represented by the suspensions of nanoparticles of two types: highly diluted suspensions of nanocrystals and concentrated suspensions. Testing was carried out on the monolayer of the cell line L-41 (bone marrow cells from a leukemia patient) for all four types of preparations using a wide range of concentrations with nearly a hundred-fold variance. A full description of the procedures for cytotoxicity and biological activity analyses of ZrO 2 and ZrO 2 (Eu 2 O 3 ) nanoparticles is given below.
The dispersions of ZrO 2 and ZrO 2 (1 mol.% Eu 2 O 3 ) nanoparticles were studied, which were taken in the form of two fractions -supernatant fluid and sediment. All the fractions were studied separately. The degree of dispersion dilution with water is given in Table 1 . In total, 7 compositions of supernatant fluid and 6 compositions of sediment were studied. ZrO 2 sediment was re-suspended in 3.0 ml of supernatant fluid. ZrO 2 (1 mol.% EuO 3 ) sediment was re-suspended in 2.0 ml. 1.000 1.000
Constant cell line L-41 was used as the cell model. The line was cultivated in MEM (MEM -Minimum Essential Medium) with addition of 7 % of ABS (Adult Bovine Serum for cell culture) (of Biolot company) (ABS = Adult Bovine Serum for cell culture 'Biolot') and gentamicin (100 U/ml).
The following characteristics were studied: cytotoxicity, proliferative activity and metabolic activity, determined by spectrophotometric analysis by means of MTT assay.
To determine cytotoxicity in lifetime condition, the cells were inoculated on 96-well plastic plates. The changes were registered visually during the period of 1-10 days by means of inverted microscope (Leitz, Germany). To prepare cytological preparations, the cells were inoculated on coverslips, then fixed with methanol (10 min) and stained in accordance with Romanovsky-Giemsa method. The substances under study were applied on the intraday monolayer of the cell line L-41 in the proper concentrations.
To determine proliferative activity, the cells, taken in the concentration 50,000 per ml, were inoculated into plastic flasks of 30 ml in volume where the studied substances had already been introduced into the culture medium. The quantity of control flasks was equal to 5; the quantity of flasks per each tested concentration was 3. The cells, in order for them to be counted, were removed on the fourth day of cultivation. The effect of the studied compounds on cell proliferation was determined for the concentrations 6 and 7 (Table 1) . Proliferation index was calculated as the ratio of the yield of experimental cells to the yield of control cells.
In order to study the metabolic activity, the cells were inoculated on 96-well plates and the fractions under study were introduced on the monolayer in supporting medium MEM without serum after a day.
The registration with the use of MTT-assay was performed at different points of cultivation timeline in the presence of fractions of the studied compounds.
Results and discussion
The nanopowders that are based on ZrO 2 and ZrO 2 (1 mol.% Eu 2 O 3 ) were obtained under hydrothermal conditions. The analysis of the structure condition showed that the obtained nanocrystals are predominantly represented by tetragonal modification of zirconium dioxide (t-ZrO 2 ). In zirconium dioxide-based samples, the ratio of tetragonal modification and monoclinic modification of zirconium dioxide (m-ZrO 2 ) constitutes 80:20 mol.% (Fig. 1) . Such ratio of structural types for zirconium dioxide nanoparticles, being formed under the conditions of hydrothermal processing, had also been noted earlier [23, 28, 29, 38] . The introduction of 1 mol.% Eu 2 O 3 under hydrothermal conditions leads to the formation of zirconium dioxide-based nanocrystals of only tetragonal modification (Fig. 1) .
FIG. 1. X-ray diffractogram of ZrO 2 and ZrO
The average size of ZrO 2 crystals having monoclinic and tetragonal modification, determined using the Xray diffraction line broadening values, were 15 and 22 nm, respectively. Analysis of the X-ray diffraction lines broadening for ZrO 2 (1 mol.% Eu 2 O 3 ) sample, showed that the average size of ZrO 2 (Eu 2 O 3 ) crystals was 10 nm. Analysis of the nanopowders using transmission electron microscopy revealed that the average size of particles, of both ZrO 2 , and ZrO 2 (1 mol.% Eu 2 O 3 ), in general ranged from 10 to 15 nm with quite a narrow range of distribution of particles by size (Fig. 2) . That is the sizes of particles, within the error of methods, coincide with the size of crystals.
The studies of cytotoxicity (lifetime observation) undertaken within 10 days of culturing (5 experiments) showed the absence of explicit destructive and degenerative processes, both in the structure of confluent monolayer, and in the cells themselves, as well as under the influence of higher concentrations (Table 1, positions 1, 2,  8, 9) . No apparent toxicosis, cell destruction and polymorphism were observed on cytological preparations in the concentrations 2 and 3 (supernatant fraction) and 9, 10 (sediment), i.e. at the highest concentrations. The presence of a clearly visible considerable quantity for the solid-phase fraction of the preparations under study on the cell monolayer was noted at concentrations 9 and 10. Nevertheless, in this case, no significant changes were observed in the main morphofunctional characteristics of the cells.
To evaluate the proliferative activity of the cells L-41, which were cultured in the presence of the studied supernatant fractions based on ZrO 2 nanocrystals and supernatant based on ZrO 2 (Eu 2 O 3 ) nanocrystals, the index of proliferation was determined. The concentrations 6 and 7 ( As it follows from the data presented in Table 2 , ZrO 2 nanoparticles render a stimulating influence on the proliferative activity of cells, in small (1,000:6.25, 1,000:3.12) concentrations. The values of Proliferation index applicable to the samples that are based on the solid solution of ZrO 2 (Eu 2 O 3 ) turned out to be comparable with the control values. Such difference can be attributed to the fact that a considerable portion of the europium oxide in ZrO 2 (Eu 2 O 3 ) nanoparticles can be concentrated on the surface of the nanoparticles, thus forming the structure of 'core-shell' type. The possibility for such structure to appear can be traced in the outcomes of the works [39] , which show that the structures of 'core-shell' type are formed when a synthesis is taking place, under analogous conditions, of the nanoparticles, which are based on the solid solutions ZrO 2 (Y 2 O 3 ), ZrO 2 (Gd 2 O 3 ) that are similar in chemical nature to ZrO 2 (Eu 2 O 3 ). Further confirmation was given by the results of the work [38] , dedicated to the analysis of luminescent properties of ZrO 2 (Eu 2 O 3 ), in which a conclusion is drawn about the partial localization of europium oxide on the surface of nanoparticles. In connection with the obtained data, it can be concluded that it is the surface molecules of zirconium dioxide that possess proliferative activity, and the surface, enriched with europium oxide is biologically inert in this respect.
Evaluation of metabolic activity was accomplished using the MTT assay (spectrophotometric analysis), which was carried out in 4 experiments on 96-well plates. The analysis of all the data obtained using MTT assay for each of 4 fractions of the studied samples showed that all the studied compositions did not inhibit the metabolic activity of L-41 cells over a wide range of concentrations (1,000:300 -1,000:3.12), i.e. at the concentrations of disperse phase, which differ from each other nearly by 100-fold. The MTT assay, which was performed on the third day of cultivation of L-41 cells with each of 4 newly obtained fractions, showed that there were considerable stimulating properties for these fractions, especially of those taken in smaller concentrations. Thus, as it follows from the data of MTT assay, all the studied compositions not only do not inhibit the metabolic activity of L-41 cells, but, if taken in small concentrations, increase it 1.4-1.6 fold. In the course of storage of initial fractions these properties were lost, which may be explained by the change of the surface condition of nanoparticles with time and impairment of the fraction's sterility.
As a result of the cytotoxicity analysis for the studied compositions, the absence of the expressed cytotoxicity both in the structure of the confluent monolayer and in the cells themselves, as well as under the influence of large concentrations of nanoparticles (ratio of culture medium and the studied fraction constitutes 10:3), was determined. No changes of basic morphofunctional characteristics of cells were observed, even in the case of the presence of considerable quantity of disperse phase based on ZrO 2 and ZrO 2 (Eu 2 O 3 ) nanoparticles on the cell monolayer.
Thus, in order to generalize all the data obtained, it is possible to make a conclusion about the positive character of the influence of ZrO 2 and ZrO 2 (1 mol.% Eu 2 O 3 ) nanoparticles on cells in vitro. This is confirmed by the absence of toxicity and by the stimulation of metabolic and proliferative activity. The performed studies show that ZrO 2 and ZrO 2 (Eu 2 O 3 ) nanoparticles have promising futures as the objects of further study with regard to their biological properties along with further possible application in pharmacology.
